Introduction
============

Adaptation may be considered as the most fundamental and universal process in living organisms to enable survival, reproduction, and evolution in a continuously changing environment. Successful adaptation to either external (e.g., geographical, physical, or social) or internal (e.g., blood oxygen and glucose levels, energy reserve, state of mind) changed conditions, restores internal homeostasis of the organism, thus maintaining physiological and, in "higher" organisms, mental well-being. Reversely, maladaptation disturbs homeostasis and causes severe physiological and, especially in primates, mental disorders (Boeke, [@B16]; Keller, [@B98]; Bijlsma and Loeschcke, [@B13]; Bridle and Vines, [@B21]; Weinert et al., [@B262]; Merila, [@B149]; Ravigne et al., [@B160]). Whereas adaptation is most advanced in humans, the basal components of adaptation mechanisms are similar throughout the animal kingdom. These components are (1) perception of the environmental change, (2) comparison and integration of this information with other perceived and/or stored information, and (3) release of an either genetically determined, or acquired (by experience, learning, or training) or spontaneous, creative behavioral response that is meant to maintain or restore homeostasis. The similarity between these components between humans and animals provides neuroscientists with the opportunity to study the details of human adaptation mechanisms in selected animal species with experimental approaches that are impossible to apply to humans. For instance, whereas the smallest area that can be studied by functional magnetic resonance imaging in the human brain is not much less than one millimeter in diameter (Yamada et al., [@B272]), single neurons in the living animal brain, measuring only some tens of a micrometer, can be studied with a large variety of techniques, such as electrical recording from the abdominal R15 neuron of the opisthobranch mollusc *Aplysia californica* (e.g., Audesirk and Strumwasser, [@B2]; Yu et al., [@B274]), quantitative PCR of mRNAs in a single neuroendocrine melanotrope cell of the amphibian *Xenopus laevis* (Scheenen et al., [@B188]) and imaging of neuron migration in the developing mouse olfactory bulb (e.g., Mizrahi et al., [@B151]). During the past decades these and many other experimental approaches performed with a number of animal species have provided insight into molecular and cellular aspects of adaptation mechanisms in the human nervous and neuroendocrine system, and have started to shed light on the factors that lead to malfunctioning of these systems and consequent disorders like anxiety and depression. Here we will illustrate these approaches and developments by reviewing research on three animal model systems, namely (1) the egg-laying behavior of a snail, *Lymnaea stagnalis*: how one neuron controls behavior, (2) adaptation to the ambient light condition of a toad, *Xenopus laevis*: how a neuron integrates complex external and neural inputs, and (3) stress, feeding, and depression in rodents: how a neuronal network co-ordinates different but related complex behaviors. Particular attention has been paid to neuropeptides, which are key players in these models.

The Multiple Peptide-Producing Caudodorsal Cells of the Pond Snail *Lymnaea Stagnalis*
======================================================================================

In the Department of Zoology at the Free University Amsterdam research on the neuroendocrine system of the basommatophoran snail, *Lymnaea stagnalis* started in the 1950s when Jan Lever, evolution biologist, endocrinologist, and malacologist, inspired by the discovery of the phenomenon of neurosecretion by Ernst and Berta Scharrer and their colleagues (Scharrer, [@B185], [@B186]; Scharrer and Scharrer, [@B187]; Sarnat, [@B184]; Stay, [@B201]), initiated investigations on neurosecretory cells in freshwater snails. Whereas Lever himself found such neurons in the ancylid snail *Ferrissia* sp. (Lever, [@B131]), his student Joos Joosse demonstrated such neurons in the pulmonate basommatophoran snail *Lymnaea stagnalis* (L.), the great pond snail (Lever et al., [@B132]; Joosse, [@B91]), and since it turned out that the latter pulmonate mollusc could be easily experimentally handled (e.g., the animal can be narcotized, ganglia, and individual neurons can be recorded, removed and transplanted, and cerebral ganglion homogenates can be injected to induce egg-laying), under Joosse\'s inspiring guidance, *Lymnaea* became the animal of choice for physiological research in the Amsterdam laboratory till in the next century (e.g., Boer, [@B17]; Brink and Boer, [@B22]; Boer et al., [@B20], [@B19]; Wendelaar Bonga and Boer, [@B266]; Wendelaar Bonga, [@B264], [@B265]; Sminia, [@B199]; Roubos, [@B163], [@B164], [@B166]; Geraerts and Joosse, [@B66]; Geraerts and Bohlken, [@B65]; Kits, [@B104]; Joosse et al., [@B94]; Geraerts et al., [@B67]; Ter Maat et al., [@B207], [@B208], [@B206]; Vreugdenhil et al., [@B256]; Joosse, [@B92], [@B93]; De Jong-Brink et al., [@B40]; Roubos and Van Heumen, [@B176]; Koene and Ter Maat, [@B105]).

The caudodorsal cells
---------------------

Like other molluscs, *L*. *stagnalis* possesses large polyploid neurons (Boer, [@B17]; Boer et al., [@B18]), which can be easily identified *in vivo* in the ganglion ring that forms the central nervous system (Benjamin, [@B7]). Using the classical neurosecretory stain, paraldehyde fuchsine, and the xanthene stain phloxin B, Joosse observed two neuron clusters at the caudodorsal side of the paired cerebral ganglia, with about 20--40 neuronal cell bodies in the left and about 50--100 in the right, and named them accordingly caudodorsal cells (CDC; Joosse, [@B91]). Each CDC sends its axon to the periphery of the cerebral commissure where it branches so that a neurohemal area is formed consisting of numerous neurohemal axon terminals (Joosse, [@B91]; Wendelaar Bonga, [@B264]). From these terminals, the cells release a wide variety of peptides into the hemolymph of the cephalopedal blood sinus, which surrounds the central nervous system (Wendelaar Bonga, [@B264]; De Vlieger et al., [@B44]; Roubos, [@B166]). These peptides control various aspects of the complex overt and covert egg-laying behavior of this simultaneous hermaphrodite snail.

Egg-laying behavior
-------------------

*Lymnaea\'s* internal ("covert") egg-laying behavior comprises the formation of an egg mass containing 100 or more fertilized eggs. Ovulated oocytes are transported from the acini of the ovotestis into the spermoviduct to be self-fertilized. Subsequently, as the eggs pass along the female tract, various accessory sex glands secrete their products (nutrients, protective membranes, glue-like substance) around them, resulting in an egg mass that is eventually deposited onto a proper substrate (Joosse, [@B91]; Plesch et al., [@B159]). This internal behavior is accompanied by a behavior that is overt, i.e., visible from the outside, and which is characterized by a sequence of stereotyped phases: resting, when the animal stops locomotion (lasting ∼1 h), turning with counterclockwise shell movements and high frequency rasping with the buccal eating apparatus to clean the substrate to facilitate egg mass adhesion (also about ∼1 h), oviposition of the gelatinous egg mass onto the substrate (e.g., a leave or a flat stone) (∼10 min) and finally the "inspection phase," when the snail moves along the egg-mass brushing it with lips and tentacles (∼2 min) (Ter Maat, [@B205]). Clearly, the whole process of covert and overt egg-laying behaviors requires accurate co-ordination of the activity of all glandular and muscular activities in order to produce and deposit a well-formed egg mass at the appropriate time and under optimal environmental conditions. This co-ordination is exerted to a large extent by the release of a set of peptides produced by only one neuron type, the CDC.

The CDC-peptides
----------------

In nature, egg-laying generally starts early in the morning, shortly after sunrise, when the leaves of water plants increase the oxygen content of the surface water. This triggers in the diurnally rhythmical CDC (Wendelaar Bonga, [@B265]; Roubos, [@B164]) a 1 h-lasting discharge of action potentials, which occur synchronously in all CDC of both clusters (Kits, [@B104]; Ter Maat et al., [@B208]), as they are electrically coupled (Roubos et al., [@B177]). During the discharge the neurohemal axon terminal depolarize, calcium ions enter (Buma and Roubos, [@B24]), and a set of different peptides is released into the hemolymph after which egg-laying behavior follows. These peptides are derived from a precursor protein, pro-CDCH-1 (Vreugdenhil et al., [@B257]), which is encoded by three genes. The genes have been sequenced and the peptides concerned identified by isolation and sequencing, or by fingerprinting by matrix-assisted laser desorption mass spectrometry. The first peptide characterized was the so-called ovulation hormone or caudodorsal cell hormone-1 (CDCH-1; Ebberink et al., [@B56]). Later, nine other peptides derived from the CDCH-precursor protein were identified, viz. three αCDC peptides (αCDCP1-11, αCDCP3-11, and αCDCP3-10), β~1~- and β~3~CDCP, calfluxin, carboxyl-terminally located peptide, δCDCP, and εCDCP (Li et al., [@B134], [@B135]; Jiménez et al., [@B90]).

When injected into the animal, CDCH-1 evokes ovulation and egg-mass formation and triggers the last two phases of overt egg-laying behavior. Of many of the other CDC peptides a function is known, and it has been established that they are responsible for different aspects of the egg-laying behavior. For instance, application *in vitro of* a specific combination of four CDC peptides, namely CDCH-1 and the three αCDCPs, evokes CDC discharges. This suggests that CDC use auto-excitation to amplify excitatory inputs, thus leading to the generation of the all-or-nothing electrical discharge (Brussaard et al., [@B23]). Another CDC peptide, calfluxin, stimulates the influx of extracellular calcium ions into the secretory cells of a female accessory sex gland, the albumen gland, which produces a galactogen-rich fluid that surrounds the eggs and serves as nutrient for the developing embryo (Dictus et al., [@B49]). More recently, two novel peptides, not encoded by the CDCH-1 precursor, were detected in the CDC by mass spectrometry. They exhibit temporal quantitative changes similar to those of CDC peptides, suggesting that they are also involved in *Lymnaea\'s* egg-laying behavior (Jiménez et al., [@B89], [@B88]).

Interestingly, using polyclonal antisera directed against CDCH-1, αCDCP and βCDCP resulted in positive immunoreaction in the insects *Sarcophaga bullata* (Diptera), *Leptinotarsa decemlineata* (Coleoptera), *Locusta migratoria*, and *Periplaneta americana* (Orthoptera) (Theunis et al., [@B211]). This indicates that the functional significance of these peptides exceeds that of the class of mollusca.

At the ultrastructural level, in addition to "elementary" secretory granules (Wendelaar Bonga, [@B264], [@B265]), the CDC contain larger, strongly electron-dense granules, which are formed by the Golgi apparatus and thought to be involved in intracellular degradation of secretory material (Roubos, [@B165]). They are ∼3 times more immunopositive for calfluxin than the secretory granules, while their immunoreactivity with anti-αCDCP is even 10 times higher than that of the secretory granules, suggesting that calfluxin and αCDCP are processed and sorted in (quantitatively) different ways (Van Heumen and Roubos, [@B228]; Van Heumen et al., [@B227]). Indeed, pro-CDCH-1 is initially split within the Golgi apparatus into carboxyl- and amino-terminal parts, each of which are sorted to distinct vesicle classes with different destinations, so that in the cerebral commissure peptides derived from the carboxyterminal part are present at a many-fold higher concentration than those derived from the aminoterminal part (Jiménez et al., [@B90]; Li et al., [@B135]). Interestingly, in the cerebral commissure, calfluxin-immunoreactivity is not only present in the neurohemal CDC terminals in the periphery but also in collaterals from the CDC axons, running in the inner, non-neurohemal part of the commissure (Schmidt and Roubos, [@B194], [@B195], [@B196]). With the ultrastructural tannic acid method (Roubos and Van der Wal-Divendal, [@B175]; Roubos and Buma, [@B168]) exocytosis of CDC peptides was demonstrated from thin, blindly ending branches of this collateral system in a non-synaptic fashion into the intercellular space inside the commissure (Roubos and Buma, [@B168]; Buma et al., [@B26]; Buma and Roubos, [@B25]). The released peptides probably act on receptors of remotely located neuronal elements (Van Heumen et al., [@B227]). A likely target for such non-synaptic control by CDC peptides in the commissure is a long process of the so-called Ring neuron, which has its cell body in the right cerebral ganglion. When the CDC fire a discharge, this interneuron becomes active. It has synaptic connections with pedal ganglion neurons involved in the control of locomotion and shell movement, and it might cause an inhibition of locomotion and the adoption of the posture typical of the resting phase (Jansen and Ter Maat, [@B80]; Jansen et al., [@B81]). Of these pedal neurons, the right pedal N motor neurons (RPeN) are inhibited during the resting phase of egg laying but are active at the onset of the turning phase. They are activated by application of β~3~CDCP but not by αCDCP or calfluxin (Hermann et al., [@B73]), whereas the ovulation hormone inhibits RPeN motor neurons so that no turning behavior occurs during oviposition. The effects of injection of these CDC peptides into intact animals correlate well with the effects of these peptides on RPeN neurons. Injection of β~3~CDC peptide and αCDCP also increases the rate of rasping movements and increases shell turning, which is consistent with the normal increases in rasping seen during the turning phase of natural egg-laying behavior (Hermann et al., [@B73]).

The integrative action of the CDC
---------------------------------

So, whereas the precise relationships between the various CDC peptide secretory products and all locations and functions of the CDC targets in *Lymnaea* are not completely known, it is clear that the CDC control essential aspects of the covert and overt egg-laying behavior of this snail by the release of (sets of) peptides derived from one precursor, from two sites in the cerebral commissure, either into the blood (from neurohemal axon terminals) or in a non-synaptic way (from the collateral system inside the commissure) to other neurons. In this way some peptides control the covert behavior acting as neurohormones, whereas others regulate aspects of the overt behavior via non-synaptic secretion of neurotransmitters inside the nervous system (Figure [1](#F1){ref-type="fig"}).

![**Summarizing scheme of the regulation by the caudodorsal cells (CDC) of *Lymnaea stagnalis* of overt (visible) and covert (invisible) aspects of egg-laying behavior by, respectively, neurohemal peptide release from axon terminals in the periphery of the cerebral commissure and non-synaptic peptide release from axon collaterals in the inner part of the commissure**. Overt aspects include the activation of muscles in the foot for locomotion during substrate cleaning (*bottom left*) and of muscles attached to the shell for shell turning (*bottom right*), while covert aspects include the induction of ovulation and the activation of accessory sex glands to produce an egg mass (*top*). For details on these aspects, see text. LC, left cerebral ganglion; LP, left pedal ganglion; MN, motor neurons; RC, right cerebral ganglion; RN, Ring neuron; RP, right pedal ganglion.](fendo-01-00004-g001){#F1}

This example of multiple peptidergic control of egg-laying behavior in a snail illustrates the evolutionary significance of large hormone precursor molecules for the integrative regulation of essential behaviors that serve the survival of a species. CDC are common in basommatophoran snails (Roubos and Van de Ven, [@B174]) and their actions are beautifully matched by the control of egg-laying in the opisthobranch slug *Aplysia californica* by the neuroendocrine bag cells, which in many respects resemble the CDC of *Lymnaea* and represent one of the iconic animal research models in biology (Pinsker and Dudek, [@B158]; Kandel et al., [@B95]; Rothman et al., [@B162]; Scheller et al., [@B193]; Sigvardt et al., [@B197]). In this respect, it is essential to know how these egg-laying neurons are able to react upon changes in the environment that are relevant for the survival of the offspring. In the case of *Lymnaea*, this aspect has been studied only to a limited degree. Whereas the CDC are under strong neuronal control (Roubos, [@B165]) and various stimuli are known to either activate (e.g., temperature, feeding, copulation, clean water) or inactivate (e.g., dirty water, tactile stimulation) the CDC and, hence, modulate egg-laying behavior such that the egg mass will be deposited only when the environmental conditions are optimal (Ter Maat et al., [@B207]; Dogterom et al., [@B51], [@B52]; Hermann et al., [@B73]), the neuronal systems that mediate environmental information toward the CDC have been only fragmentary elucidated. To illustrate the way one cell type, in our case a neuroendocrine cell, is regulated by a wide variety of environmental inputs that act via various brain centers and converge via a host of neurotransmitters and neurohormones on the cell, below we will pay attention to the second animal model, the toad *Xenopus laevis* and the multiple control of the neuroendocrine melanotrope cells in its pituitary pars intermedia.

The Melanotrope Neuroendocrine Transducer Cells of the South African Toad *Xenopus Laevis*
==========================================================================================

Since the discovery that vertebrates of all classes have a rich store of a hormone that controls pigment migration of the skin in response to changed ambient light condition (Hogben, [@B75]; Houssay and Ungar, [@B77]; Hogben and Slome, [@B74]), neuroendocrine control of background adaptation has become a favorite model to study how a natural environmental change can evoke an adaptive response (Hopkins, [@B76]; Thornton et al., [@B212]; Weatherhead and Whur, [@B261]; Vaudry et al., [@B242], [@B240], [@B241]; Volcanes and Weatherhead, [@B255]; Jenks, [@B82]; Jenks et al., [@B85]; Loh and Jenks, [@B139]; Martens et al., [@B146]). In the Utrecht Department of Zoology, research on the endocrine control of background adaptation in the South African clawed toad *Xenopus laevis* was initially focused on pigment migration in skin melanophores (Burgers, [@B28]; Burgers and Van Oordt, [@B30]; Van de Veerdonk, [@B222]) but soon extended to the control of α-melanophore-stimulating hormone (αMSH) production by melanotrope cells in the pars intermedia of the pituitary gland (Burgers et al., [@B29]; Goos, [@B68]; Van Oordt et al., [@B229]; Terlou and Van Straaten, [@B210]; Terlou et al., [@B209]). In 1975 Bram Van Overbeeke and Bruce Jenks transferred the latter research line to our Nijmegen Zoology Department. Conducted in close collaboration with research groups working on amphibian melanotropes in e.g., France (Vaudry et al., [@B240], [@B241], [@B243]; Van Strien et al., [@B236]; Bidaud et al., [@B12]; Galas et al., [@B60]), Italy (Tuinhof et al., [@B215]), Spain (Vazquez-Martinez et al., [@B245]), Sweden (Blomqvist et al., [@B15]), Japan (Kikuyama et al., [@B103]; Berghs et al., [@B10]; Tonosaki et al., [@B214]) and the USA (Calle et al., [@B32]; Roubos et al., [@B169]; Eagleson et al., [@B55]), the Nijmegen research eventually provided a rather comprehensive picture of the various elements in *Xenopus laevis* that constitute the complex system responsible for the transduction of environmental information into αMSH output. This system involves sensory organs, brain centers with diverse neurochemical messengers, and melanotrope cell receptors and related intracellular signaling pathways that control and co-ordinate the expression of the pro-opiomelanocortin (POMC) gene, POMC biosynthesis and processing, and posttranslational modification and secretion of αMSH and associated POMC-derived peptides (Roubos et al., [@B173], [@B178]; Jenks et al., [@B84]; Scheenen et al., [@B188]).

POMC peptides
-------------

The production of *Xenopus* αMSH starts with the biosynthesis of POMC (Martens et al., [@B144]; Martens, [@B143]; Ayoubi et al., [@B3]; Deen et al., [@B45]), which is cleaved by prohormone convertase PC2 (Dotman et al., [@B53]). A phenomenon unique to amphibians is the posttranslational acetylation reaction to form mature N-acetylated αMSH, which increases the bioactivity of the peptide ∼10-fold and is associated with the exocytotic release of the peptide (Martens et al., [@B147]; Van Strien et al., [@B233]). In *Xenopus*, the final processing product of the C-terminal region of POMC is *N*-acetyl-β-endorphin(1-8; Van Strien et al., [@B234]). In addition, POMC cleavage gives rise to γMSH and N-terminal fragments of the precursor protein (Van Strien et al., [@B232]), but the biological significance of these peptides is not known.

The *Xenopus* pars intermedia contains about 60,000 melanotrope cells, which are activated when the animal is placed on a black (dark) background and inactivated when the background is white (light) (Roubos et al., [@B171], [@B172], [@B173]; Roubos, [@B167]; Jenks et al., [@B86], [@B84]). The activation of the "black melanotrope" is reflected at the ultrastructural level by a well-developed biosynthetic secretory machinery (rough endoplasmic reticulum and Golgi apparatus) and the presence of newly formed, electron-dense secretory granules (De Rijk et al., [@B42]). In contrast, "white", inactive cells lack these cell organelles almost completely and mainly store old, rather electron-lucent, secretory granules. Melanotrope secretory granules contain all peptide end products of POMC (Berghs et al., [@B11]) but also the protein, BDNF (Kramer et al., [@B122]).

In addition to background illumination, stress, and low temperature change melanotrope secretory activity (Ubink et al., [@B219]; Tonosaki et al., [@B214]). The external stimuli reach the melanotrope cells via a number of brain centers that either inhibit or stimulate the biosynthesis of POMC, the processing of POMC and/or the secretion of αMSH and associated POMC-derived peptides. The hypothalamic suprachiasmatic nucleus (SCN) produces NPY, dopamine (DA), and γ-aminobutyric acid (GABA), neurotransmitters that all inhibit the melanotropes, in a synaptic way. Two extrahypothalamic brain centers that stimulate melanotrope cell activity are the locus ceruleus (LC) and the raphe nucleus (RN). But the most important stimulatory control center of the melanotrope cells is the hypothalamic magnocellular nucleus (MCN), which produces up to eight neurochemical messengers that stimulate melanotrope cell activity *in vitro*, and likely reach the melanotrope cells by simple diffusion or via blood flow from the neural to the intermediate lobe, after being released from neurohemal axon terminals in the pituitary pars nervosa (Tuinhof et al., [@B216], [@B215]; Ubink et al., [@B220], [@B218]; Van Wijk et al., [@B237]). More details on the regulatory centers and their messengers are given below.

The SCN
-------

A positive hybridization signal with a *Xenopus*-specific probe for NPY mRNA was found in neurons in the ventrolateral SCN (Tuinhof et al., [@B217]). With *in situ* hybridization as well as with immunocytochemistry, the SCN neurons proved to be NPY-positive only in animals adapted to a white background; *Xenopus* adapted to a black background showed no staining. Quantitative image analysis revealed that this effect of white background adaptation is specific for SCN neurons because no effect could be demonstrated for NPY contents of neurons in the ventral infundibular nucleus and the ventromedial thalamic nucleus. These results indicate that neurons in the SCN enable the adaptation of *X. laevis* to a white background by producing and releasing NPY that inhibits the secretion of αMSH from the melanotropes. These neurons have been named "suprachiasmatic melanotrope-inhibiting neurons" or SMINs (Tuinhof et al., [@B217], [@B215]).

*In vitro* superfusion studies show that αMSH release is inhibited not only by NPY but also by GABA and DA (Verburg-Van Kemenade et al., [@B249], [@B251]). These three neurotransmitters coexist in synaptic contacts on the melanotropes (De Rijk et al., [@B41], [@B43]; Van Strien et al., [@B231]) that, when the animal is on a dark background, decrease in size whereas the melanotropes become larger and more active. Reversely, on a light background, the synapses grow while melanotropes become small and inactive (Berghs and Roubos, [@B9]). NPY and dopamine co-exist in electron-dense vesicles and GABA is stored in electron-lucent ones (De Rijk et al., [@B43]), suggesting that these neurotransmitters are differentially released. GABA inhibits secretion through both GABA~a~ and GABA~b~ receptors (Verburg-Van Kemenade et al., [@B247]; Buzzi et al., [@B31]) while DA inhibits secretion through D~2~ receptors (Verburg-Van Kemenade et al., [@B252]; Martens et al., [@B145]), both inhibitions being short-lasting. NPY inhibits αMSH secretion through Y1 receptors (Verburg-Van Kemenade et al., [@B246]; Scheenen et al., [@B192]; Zhang et al., [@B278]), which is a long-lasting process (Leenders et al., [@B130]). Double and triple neurotransmitter immuno-electron microscopy combined with retrograde tracing with the fluorescent DiI tracers (Tuinhof et al., [@B215]; Ubink et al., [@B220]) demonstrated that these three transmitters are produced by the SMINs. At the ultrastructural level, the SMINs show a high degree of plasticity, containing more electron-dense vesicles and a larger extent of rough endoplasmic reticulum in white- than in black-adapted animals. Immunocytochemistry in combination with confocal laser scanning microscopy revealed co-existence of NPY and synaptobrevin in spots in the direct vicinity of the SMINs, suggesting the existence of NPY-containing synapses on these cells. In black-adapted animals, symmetric Gray type II synapses were observed on the soma of the SMINs, indicating an inhibitory input to these cells. The synaptic profiles contained electron-lucent and electron-dense vesicles, suggesting the involvement of both a classical neurotransmitter and a neuropeptide (possibly NPY) in this input. In white-adapted animals, synapses were only found at some distance from the SMIN somata. These findings indicate a striking plasticity of the innervation of the SMINs in relation to background adaptation and support the hypothesis that the SMINs are innervated by NPY-containing interneurons that inhibit SMIN activity in black-adapted animals (Kramer et al., [@B123]). At the same time, in addition to the SMINs in the ventral SCN, a dorsomedial and a caudal group of SCN neurons were distinguished that differed from the SMINs and from each other as to number, size, and shape (Kramer et al., [@B124], [@B125]). These neurons also showed different degrees of NPY-immunoreactivity in response to changed background light condition. Melanotrope cells of black-adapted animals have a much higher expression of the "exocytosis proteins" SNAP25, Xunc-13, and DOC2 (Kolk et al., [@B107], [@B106]; Kramer et al., [@B124]) than white-adapted ones, establishing that the degree of expression of such proteins is a good parameter to measure secretory activity (Berghs et al., [@B8]). It was then found that while the ventrolateral SMINs express most DOC2 mRNA in white-adapted animals, NPY neurons in the dorsomedial group had highest secretory activity under the black-adaptation condition (Kramer et al., [@B125]). Therefore, the latter neurons may inhibit the SMINs in black-adapted animals. NPY-positive neurons in the caudal group have similar secretory dynamics as the dorsomedial NPY neurons, indicating that they also play a role in background adaptation, distinct from that exerted by the ventrolateral and dorsomedial group (Kramer et al., [@B125]).

The pathway by which information about the ambient light condition reaches the melanotropes has been elucidated. After filling the optic nerve with horseradish peroxidase, labeled axons were traced in anterograde direction up to the suprachiasmatic area where they make synaptic contact with SCN neurons that positively reacted to both anti-NPY and anti-tyrosine hydroxylase sera. Apparently, a retinosuprachiasmatic pathway is involved in the control of the melanotrope cells during the process of background adaptation (Tuinhof et al., [@B215]), establishing a complete pathway from sensory organ via brain centers and pituitary gland to target (skin melanophores).

The LC and RN
-------------

*In vitro* superfusion studies show that serotonin has a dose-dependent stimulatory effect on αMSH release from melanotrope cells (Verburg-Van Kemenade et al., [@B250]). Retrograde neuronal tract tracing with Fast DiI applied to the pituitary pars intermedia identified labeled neurons in, not only, the SCN but also the LC and RN (Ubink et al., [@B218]). Whereas the LC produces noradrenalin, which probably stimulates melanotrope cell activity (Verburg-Van Kemenade et al., [@B250]; Roubos et al., [@B172]), it seems likely that the melanotrope cells in the *Xenopus* pars intermedia are also innervated by a serotonergic network originating from neurons in the RN; this network represented the first anatomically identified stimulatory input to the pars intermedia of this species (Ubink et al., [@B218]).

The MCN
-------

The MCN in the preoptic part of the *Xenopus* hypothalamus, is the main hypothalamic stimulatory center of *Xenopus* melanotrope cells (Tuinhof et al., [@B215]). Immunocytochemistry has revealed a large "bouquet" of neurochemical messengers in *Xenopus* MCN perikarya and in neurohemal axon terminals in both the median eminence and the pituitary pars nervosa (Van Wijk and Roubos, [@B238]; Van Wijk et al., [@B237]). In addition to mesotocin, vasotocin, and corticotropin-releasing factor (CRF), these messengers include thyrotropin-releasing hormone (TRH; Verburg-Van Kemenade et al., [@B248]; Tonosaki et al., [@B214]), BDNF (Wang et al., [@B259], [@B258]; Calle et al., [@B35]), metenkephalin (Van Wijk et al., [@B237]), Ucn1 (Calle et al., [@B32]), pituitary adenylyl cyclase-activating polypeptide (PACAP; Kidane et al., [@B99], [@B102]) and cocaine- and amphetamine-regulated transcript peptide (CART; Roubos et al., [@B170]). Except for CART, all these factors can stimulate the secretion of αMSH from melanotrope cells *in vitro*. Possibly, various environmental factors (background light condition, temperature, feeding condition, stress) modulate melanotrope cell activity in a differential way, acting via specific subpopulations of MCN neurons and different (sets of) neurochemical messenger. Indeed, the neuronal population of the MCN appears to be very heterogeneous, as immuno-electron microscopy of their neurohemal area in the pars nervosa demonstrated the presence of six types of axon terminal based on the size, shape, and electron-density of their respective secretory granules. These terminal types are neurochemically distinct because each type has its own set of neurochemical messenger (Van Wijk et al., [@B237]). Experimental evidence for differential control of MCN neurons comes from studies in which *Xenopus* was fasted for 3 weeks, leading to decreased amounts of CART, metenkephalin, and Ucn1 and to an increase in the amount of CRF (Calle et al., [@B34]). These effects were especially obvious in the ventral part of the MCN and less pronounced in the medial and dorsal parts of the nucleus, suggesting a specialization of neuronal subpopulations within the MCN. The data support the hypothesis that in *X. laevis*, the MCN plays a pivotal role in feeding-related processes The relation between this function of the MCN with that of controlling background adaptation via the melanotrope cells is elusive.

Integrated response of the SCN, MCN, and melanotrope cells to low temperature
-----------------------------------------------------------------------------

Low temperature has a remarkable effect on the skin adaptation process in *Xenopus laevis*, as a temperature below 8°C stimulates αMSH secretion and skin darkening, with a maximum stimulation at 5°C, independent of the illumination state of the background (Tonosaki et al., [@B214]). No skin darkening occurs in toads from which the neurointermediate lobe has been extirpated, indicating that low temperature stimulates αMSH release from melanotrope cells. Separate *in vitro* experiments show that low temperature does not act directly on these cells to alter secretory activity. Lowering the ambient temperature of animals from 22 to 5°C, decreased expression of the immediate early gene cFos in the NPY-producing SMINs in the SCN and increases this expression in TRH-containing neurons in the MCN. Apparently, temperatures around 5°C inactivate the SMINs in the SCN and activate TRH-neurons in the MCN, resulting in enhanced αMSH secretion from the melanotropes, darkening the skin of white-adapted *X. laevis* (Tonosaki et al., [@B214]).

Steroids
--------

*Xenopus* melanotrope cells are not only under control of classical neurotransmitters and neuropeptides. Immunocytochemical morphometry with antisera raised against *Xenopus* glucocorticoid and mineralocorticoid receptors, revealed downregulation of the former and upregulation of the latter receptor during dark background adaptation. Corticosterone did not affect short-term processes like the generation of intracellular calcium dynamics and αMSH secretion, suggesting a role for these receptors in long-term processes in the melanotropes (Roubos et al., [@B169]). The origin of the steroid factors concerned and the physiological significance of their regulation of the melanotrope cells are not known.

Intracellular signaling
-----------------------

Many of the first messengers controlling *Xenopus* melanotrope cell activity act via G protein-coupled receptor mechanisms regulating adenylyl cyclase (AC) in its production of cAMP. For instance, D~2~, Y~1~, and GABA~b~ receptors inhibit AC, whereas the CRFR1 receptor (Calle et al., [@B33]) and the β-adrenergic receptor stimulate the enzyme. The intracellular mechanisms regulating the secretory process in *Xenopus* melanotropes have been extensively reviewed (Scheenen et al., [@B190]; Jenks et al., [@B83], [@B86]; Bidaud et al., [@B12]; Galas et al., [@B59]), but some special attention should be given here to recent studies on calcium signaling in the melanotrope. The cAMP-dependent kinase protein kinase A acts on components of a membrane potential oscillator machinery to stimulate so-called Ca^2+^ oscillations, whereas activation of the GABA~a~ receptor gives rise to membrane depolarization that acts on this machinery to give a transitory stimulation followed by an inhibition (Buzzi et al., [@B31]; Corstens et al., [@B38]). Moreover, the β/γ subunit of the G protein that is activated by D~2~, Y~1~, and GABA~b~ receptors acts directly on N-type and R-type but not on L-type and P/Q-type voltage-operated calcium channels (Zhang et al., [@B275], [@B278]). Below we will deal with the role of Ca^2+^ channel types and properties of Ca^2+^ oscillations in the regulation of melanotrope cell activity.

Calcium channels play a crucial role in determining the secretory activity of *Xenopus* melanotropes (Zhang et al., [@B277]). Melanotropes from black background-adapted toads have a 2 times larger diameter, a 2.5-fold larger membrane capacitance, a 2-fold higher high-voltage-activated (HVA) current density, a 10% smaller Ca^2+^-dependent inactivation, and L-type channels with 5 times slower activation and inactivation kinetics. Furthermore, white-adapted melanotropes possess low-voltage-activated (LVA) type Ca^2+^ channels, which are lacking in cells from black-adapted animals. These results indicate that HVA L-type channel kinetics differ in relation to environmentally induced changes in cellular secretory state, probably mediated via intracellular Ca^2+^-buffering, whereas the occurrence of LVA Ca^2+^ channels may depend on environmentally controlled channel gene expression (Zhang et al., [@B276]).

Periodic fluctuations in the intracellular Ca^2+^ concentration play an important role in melanotrope signaling (Scheenen et al., [@B191]). Such Ca^2+^ oscillations are generated at the plasma membrane through opening of N-type and R-type Ca^2+^ channels (Lieste et al., [@B136]; Zhang et al., [@B277]) and may drive the secretion of αMSH. By mobilizing intracellular calcium stores ("calcium-induced calcium release"; Koopman et al., [@B108]) the Ca^2+^ influx also initiates a self-propagating Ca^2+^ wave that enters the nucleus (Scheenen et al., [@B190]; Koopman et al., [@B109]) and possibly induces gene expression (Scheenen et al., [@B189], [@B190]; Lieste et al., [@B137]; Jenks et al., [@B86]; Van den Hurk et al., [@B225]; Kuribara et al., [@B127]). The combined kinetics of all subcellular Ca^2+^ signals determines the shape of the total cellular Ca^2+^ signal, but these contributions to the signal vary in time. Near the plasma membrane, the intracellular Ca^2+^ concentration rises and declines more rapidly than in more central parts of the cytoplasm (Koopman et al., [@B109]). Possibly, the differences in spatial kinetics of the Ca^2+^ signal reflect a mechanism by which the same cellular Ca^2+^ signal carries different regulatory information to different subcellular regions of the cell, thus evoking differential cellular responses, e.g., as to gene expression compared to hormone secretion.

Autocrine mechanisms
--------------------

Several stimulatory autocrine mechanisms act in the *Xenopus* melanotrope. One of these is the Ca^2+^ sensing receptor, a G protein-coupled receptor with extracellular Ca^2+^ as the natural ligand. Possibly, this receptor is activated by Ca^2+^ released from exocytozing secretory granules (Van den Hurk et al., [@B226], [@B224], [@B223]). In addition, the *Xenopus* melanotrope releases acetylcholine that stimulates αMSH secretion through a muscarinic M~1~ receptor mechanism (Van Strien et al., [@B235]).

A special aspect of autocrine melanotrope cell regulation is the action of BDNF. BDNF\'s production by melanotropes strongly suggests a role as autotransmitter (Kramer et al., [@B122]; Kidane et al., [@B100]). In fact, adding BDNF *in vitro* to melanotropes stimulates the biosynthesis of POMC (Kramer et al., [@B122]) whereas its coexistence with αMSH in melanotrope secretory granules (Wang et al., [@B259]) indicates that release of the neurotrophin is enhanced when animals are on a black background, thus helping to maintain the high rate of POMC biosynthesis required by such animals. Indeed, *Xenopus* melanotropes express receptors for BDNF (Kidane et al., [@B100]), namely the TrkB receptor, the truncated TrkB receptor and the p75 neurotrophin receptor, p75^NTR^. Of these, the expressions of truncated TrkB and p75^NTR^ are upregulated in black melanotropes, possibly enhancing the sensitivity of the melanotrope cell to BDNF. The melanotrope cells of animals adapting to a black background undergo a dramatic increase in size (De Rijk et al., [@B42]) but when melanotropes are treated with anti-BDNF serum, no such cell growth occurs, indicating that this plastic melanotrope cell growth under stimulated conditions depends on autocrine action of BDNF, probably via a TrkB-dependent ERK-mediated signaling pathway (Kuribara et al., [@B128]).

The *Xenopus* *BDNF* gene contains six promoter-specific 5′-exons and a single 3′ protein-encoding exon (Kidane et al., [@B101]), which are organ-specifically expressed. In particular, the expression of *BDNF* transcript IV is increased by ∼150 times in the melanotropes by transferring animals from a white to a black background. As mentioned earlier, cAMP and Ca^2+^ are major second messengers in the *Xenopus* melanotrope. One of the processes they likely drive is the expression of *BDNF* transcript IV, because the promoter region for this transcript possesses a cAMP-responsive element and two Ca^2+^-responsive elements. *POMC* itself contains no cAMP or Ca^2+^-responsive elements and it therefore seems possible that (autocrine) BDNF would activate other intracellular signaling cascades (e.g., extracellular regulated kinase) to act on *POMC* gene expression (Kidane et al., [@B101]). Supporting this idea is the observation that upon transferring *Xenopus* to a black background, melanotrope *BDNF* transcript IV is much faster upregulated (17 times higher within 6 h of transfer) than *POMC* transcript (no increase at 6 h, only a 3-fold increase after 24 h; Kidane et al., [@B101]). Another (indirect) pathway involved in the regulation of *POMC* expression, is likely via cFos. *Xenopus POMC* has an activator protein 1 (AP-1) site that can be a potential target for cFos (Deen et al., [@B45]), and cFos expression increases rapidly (within 1 h) upon placing animals on a black background (Kidane et al., [@B101]).

In conclusion
-------------

The neuroendocrine melanotrope cell of the amphibian *Xenopus laevis* reveals how multiple external stimuli can converge on a single neuroendocrine cell type to change its activity in such a way that the resulting secretory response evokes the optimal physiological reaction needed by the animal to adapt to a changed environmental condition (Figure [2](#F2){ref-type="fig"}).

![**Transduction of various physiological environmental stimuli to the melanotrope cell of *Xenopus laevis* controlling the secretion of αMSH, via neurohemal nerve terminals in the pars nervosa and from synaptic terminals in the pars intermedia of the pituitary gland**. 5HT, 5-hydroxytryptamine (serotonin); A, arginine-vasopressin receptor; ACh, acetylcholine; AVT, arginine-vasopressin; β, β-adrenergic receptor; BDNF, brain-derived neurotrophic factor; C, calcium-sensing receptor; C1, corticotropin-releasing factor receptor 1; C2, corticotropin-releasing factor receptor 2; Ca^2+^, calcium ion; CRF, corticotropin-releasing factor; D~2~, dopamine D~2~ receptor; DA, dopamine; G~a~, GABA~A~ receptor; G~b~, GABA~B~ receptor; GABA, γ-aminobutyric acid; M, mesotocin receptor; M1, muscarinic M1 receptor; ME, metenkephalin; Me, metenkephalin receptor; MT, mesotocin; NA, noradrenalin; NPY, neuropeptide Y; P, P75^NTR^ receptor; PACAP, pituitary adenylyl cyclase-activating polypeptide; T, TrkB receptor; T3, thyrotropin-releasing hormone receptor 3; TRH, thyrotropin-releasing hormone; Ucn1, urocortin 1; V1, VPAC1 receptor; Y1, NPY Y~1~ receptor. (Modified after Roubos et al., [@B173].)](fendo-01-00004-g002){#F2}

Taken together with the example of the CDC of the snail *Lymnaea*, this picture of the *Xenopus* melanotrope cell shows how a neural cell can transduce complex environmental information into an adaptive response. In the last part of this review, we will demonstrate how this integrative capacity of a neuron contributes to the integrated actions of different brain centers that are involved in the adaptation to stress under conditions of changed energy storage: the role of the Ucn1-producing neurons in the vertebrate midbrain Edinger--Westphal (EW) nucleus.

The Ucn1-Neurons of the Rodent Non-Preganglionic Edinger--Westphal Nucleus
==========================================================================

In Nijmegen, research on the role of the EW nucleus in stress adaptation and related adaptive behaviors started in 2002, when Tamás Kozicz joined the Department of Cellular Animal Physiology. The EW nucleus is traditionally known to contain cholinergic preganglionic parasympathetic neurons that are involved in oculomotor adaptation (Edinger, [@B57]; Westphal, [@B269]; Burde et al., [@B27]). However, upon the discovery of Ucn1 (Vaughan et al., [@B244]) and the notion that the majority of Ucn1 in the mammalian brain is present in non-cholinergic EW neurons that do not innervate the ciliary ganglion, the part of the EW that contains these Ucn1-neurons has been named non-preganglionic Edinger--Westphal nucleus (npEW; Cavani et al., [@B36]; Ryabinin et al., [@B180]; Weitemier et al., [@B263]; Gaszner et al., [@B64]; Kozicz, [@B117]) (whereas some authors have proposed to rename these neurons "perioculomotor subgriseal neuronal stream"; see May et al., [@B148]).

Connections of the npEW
-----------------------

Although all afferent and efferent brain areas of the npEW have not been identified in each mammalian species studied, a situation largely due to the difficulty to reliably inject axonal tracers into this tiny midbrain nucleus, it is clear that the npEW possesses multiple inputs like shown for the *Xenopus* melanotrope cell and multiple outputs as described for the CDC of *Lymnaea*. The npEW receives projections from the dorsal raphe in hamster (Morin and Meyer-Bernstein, [@B152]), from the parabrachial nucleus in rat (Saper and Loewy, [@B183]) and from the ventral tegmental area in mice (Bachtell et al., [@B4]). However, whether these projections target npEW-Ucn1 neurons is unknown. Nevertheless, npEW Ucn1-perikarya are surrounded by many types of axon terminal, containing various neurotransmitters/neuropeptides and their synthesizing enzymes, such as orexin (Baldo et al., [@B6]; T. Kozicz, personal communication), serotonin (Takeuchi et al., [@B202]; Clements et al., [@B37]), dopamine-β-hydroxylase (Baldo et al., [@B6]), and NPY (Yamazoe et al., [@B273]). NPY axon terminals are juxtaposed to Ucn1-neurons in both the rat and human npEW, and the action of NPY within the npEW is mediated via both Y1 and Y5 receptors (Gaszner et al., [@B64]). As to output of the npEW, up to now the lateral septal nucleus and the spinal cord have been implied to be specific targets of npEW-Ucn1 projections (Bittencourt et al., [@B14]). However, most likely npEW-Ucn1 neurons have many more targets in view of the wealth of neurotransmitters they produce: besides Ucn1, they contain CART (Couceyro et al., [@B39]), which co-exists with Ucn1 in secretory granules (Van Wijk et al., [@B239]), cholecystokinin (Maciewicz et al., [@B141]; Innis and Aghajanian, [@B79]; Lanaud et al., [@B129]), neuropeptide B (Tanaka et al., [@B203]; Dun et al., [@B54]), Substance P (Maciewicz et al., [@B140]; Phipps et al., [@B156]; Otake, [@B154]) and nesfatin (Xu et al., [@B270], [@B271]; Okere et al., [@B153]).

Another approach to find targets of the npEW would be to assess the sites of cognate receptors for Ucn1. Ucn1 is most strongly bound by two CRF receptor types that bind not only CRF but also the other members of the CRF-peptide family, urotensin-I and sauvagine, urocortin 2 and urocortin 3 (Kozicz, [@B118]). The ubiquitous presence of both CRFR1 and CRFR2 in the mammalian central nervous system (Korosi et al., [@B113], [@B111]; Kozicz, [@B116]) indicates that npEW-Ucn1 neurons have potentially widespread effects (Hsu and Hsueh, [@B78]; Lewis et al., [@B133]; Reyes et al., [@B161]; Hauger et al., [@B72]; Kozicz, [@B117]; Pan and Kastin, [@B155]).

The hypothalamo-pituitary adrenal (HPA)-axis reveals diurnal activity (Watabe et al., [@B260]). In view of the assumed relation between the axis and the npEW, the presence of such rhythmicity and its possible underlying molecular mechanism (clock genes) were investigated in the Ucn1-neurons of the npEW. They reveal co-existence of diurnal rhythms in Period 2 mRNA expression and Period 2 protein content, with a minimum at lights-off, and a maximum at lights-on (Gaszner et al., [@B63]). We furthermore found a diurnal rhythm in the number of Ucn1-immunopositive neurons and in their Ucn1 peptide content, with a minimum at night and at the beginning of the light period and a peak at lights-off, while the Ucn1 mRNA content paralleled the Period 2 mRNA rhythm. These rhythms in the rat npEW are accompanied by a diurnal rhythm in plasma corticosterone concentration. Diurnal production of Period 2 and Ucn1 in the npEW may be relevant for the maintenance of the known diurnal rhythm in the stress response (Gaszner et al., [@B63]).

UCN1 and stress
---------------

Besides CRF-neurons in the hypothalamic paraventricular nucleus (PVN), Ucn1-neurons in the npEW seem to be main neural players in the regulation of stress adaptation. They are recruited by various acute stressors (Weninger et al., [@B268]; Gaszner et al., [@B61]; Korosi et al., [@B112]; Kozicz, [@B117]) as well as by chronic stressors (Korosi et al., [@B112], 2008a; Gaszner et al., [@B62]), and their Ucn1 mRNA expression is upregulated by acute pain and restraint stress (Weninger et al., [@B268]; Kozicz, [@B117]). Nevertheless, the dynamics of npEW-Ucn1 neurons strongly differ from PVN-CRF neurons (Weninger et al., [@B268]). In PVN neurons, a rapid and almost maximal increase in cFos expression occurs after a single 30 min episode of acute restraint, whereas npEW-Ucn1 neurons never respond to stressful stimuli within an hour (Viau and Sawchenko, [@B254]). Instead, their activation peaks 2--4 h after the challenge and is maintained for up to 18 h (Gaszner et al., [@B61]; Kozicz, [@B117]). Furthermore, in CRF-over-expressing mice (Dirks et al., [@B50]), npEW-Ucn1 mRNA is strongly downregulated (Kozicz et al., [@B121]) whereas in CRF-null mice this mRNA is upregulated (Weninger et al., [@B268]). Also, we demonstrated that the response of the npEW-Ucn1 system to a chronic stressor does not habituate (Korosi et al., [@B112]), which is in contrast with the habituating chronic stress response of the HPA-axis (Viau and Sawchenko, [@B254]).

The data outlined above have raised the possibility that the PVN-CRF and the npEW-Ucn1 neuronal systems comprise two distinct but functionally interrelated entities that are co-ordinately regulated by acute stressors but inversely respond to chronic stress (Kozicz, [@B117]). Possibly, the two systems possess complementary dynamics that serve to adequately terminate the central stress response. Such collaboration suggests a very important role of npEW-Ucn1 neurons in stress adaptation and, as a consequence, in stress-related disorders like anxiety, major depression and use of drugs of abuse (Kozicz, [@B117]).

UCN1 and anxiety
----------------

Urocortin-deficient mice show increased anxiety-like behavior (Vetter et al., [@B253]). Ucn1 mRNA expression in the npEW is increased in response to various acute stressors (Weninger et al., [@B268]; Gaszner et al., [@B61]; Kozicz, [@B117]) and in CRF-deficient mice (Weninger et al., [@B268]). Furthermore, the npEW is activated by systemic administration of the metabotropic glutamate (mGLU) receptor agonist, LY354740, and this activation is absent in mGlu2-knockout mice (Linden et al., [@B138]). These findings indicate that mGLU receptors modulate neuronal excitability in the npEW in relation to anxiogenesis (Skelton et al., [@B198]; Gysling et al., [@B70]), a notion supported by the finding that Ucn1 and CART in npEW neurons are recruited by acute lipopolysaccharide stress (Kozicz, [@B115]). Since in rodents intracerebroventricular injection of CART, which co-exist with Ucn1 in the npEW, enhances anxiety-like behavior, CART-Ucn1-positive npEW neurons may modulate this behavior (Kask et al., [@B97]; Asakawa et al., [@B1]).

Also NPY, a possible regulator of the state of anxiety (Thorsell et al., [@B213]; Kask et al., [@B96]), may play a role in the modulation of anxiety behavior by npEW-Ucn1 neurons because in animals exposed to stress, not only Ucn1 mRNA but also NPY mRNA expression in npEW-neurons is strongly affected (Thorsell et al., [@B213]). Moreover, NPY axons seem to contact these neurons in both rodents and human (Gaszner et al., [@B64]). Therefore, NPY inputs to npEW neurons may be involved in governing stress-induced anxiety in rodents and men.

The npEW and pain
-----------------

Acute pain triggers an organism to avoid harmful situations (Millan, [@B150]) and coincides with an activation of the HPA-axis, as revealed by increased blood titers of adrenocotricotropic hormone (ACTH) and cortisol or corticosterone (Makara et al., [@B142]; Taylor et al., [@B204]; Greisen et al., [@B69]) but central adaptive mechanisms to pain are not fully understood. A possible mediator in adaptation to pain is the doublecortin-like kinase gene, *dclk*, which gives rise to DCLK-short and DCLK-long. Since DCLK contains a conserved MAPK-PTSP phosphorylation site and pain activates MAPK pathways (Ji and Woolf, [@B87]), recently its possible involvement in the pain-stress response by the PVN and npEW was tested. This revealed that both DCLK-short and DCLK-long are present in parvocellular neurons of the PVN and in Ucn1-neurons of the npEW. Upon an acute pain stimulus, DCLK-long, but not DCLK-short, is phosphorylated in the npEW but remains unaffected in the PVN. Apparently, pain differentially affects DCLK-long-mediated neuronal plasticity in these two stress-sensitive brain centers (Rouwette et al., [@B179]).

The npEW and alcohol consumption
--------------------------------

A possible role of npEW-Ucn1 neurons in the development of maladaptation stress leading to addiction is indicated by the finding that these neurons are sensitive to alcohol and that experimental manipulation of the npEW-Ucn1 system affects alcohol preference and consumption (Ryabinin and Weitemier, [@B181]). Moreover, a positive correlation exists between the amount of Ucn1 in the npEW and the degree of alcohol preference and consumption (Bachtell et al., [@B4], [@B5]; Ryabinin and Weitemier, [@B181]). Since stress experiences increase the propensity of an individual to develop drug self-administration behavior (Piazza and Le Moal, [@B157]), stress-induced activation of the npEW may be a key event in the development of alcoholism.

The npEW and feeding
--------------------

Leptin informs the brain about the level of fat storage in adipose tissue, and is critical for the central control of food intake and energy metabolism (Sánchez-Lasheras et al., [@B182]). Fasting rats for 2 days causes a marked body weight loss, reduces the leptin plasma titer, and upregulates the amount of Ucn1 mRNA and CART mRNA in the rat npEW by 3.3 and 2.4 times, respectively (Xu et al., [@B270]). PCR has revealed mRNAs of both leptin receptor (ObR) long and short forms in the npEW (Xu et al., [@B270]). Double-labeling immunocytochemistry has shown leptin receptors in rat npEW-Ucn1 neurons using an antiserum not distinguishing between short and long ObR. Recently, the long form (ObRb) has been specified in npEW-Ucn1 neurons of ObRb-GFP mouse (L. Xu, personal communication). Furthermore, these neurons respond to leptin administration with activation of the JAK2-STAT3 pathway, both *in vivo* and *in vitro*, while in db/db (deficient leptin signaling) mice the amount of Ucn1 in the npEW is considerably reduced. Patch clamping revealed that leptin inhibits the electrical activity of npEW neurons. Apparently, ObRb-expressing npEW-Ucn1 neurons sense both stress- and metabolism-related cues, which is consistent with the idea that these cells represent an extrahypothalamic mechanism that links energy homeostasis to neuronal circuitries controlling stress adaptation (Xu et al., [@B270]; L. Xu, personal communication). In this respect it is noteworthy that the npEW-Ucn1 neurons in rodents also contain the "eating peptides" CART and nesfatin-1 (Xu et al., [@B270], [@B271]; Okere et al., [@B153]). Acute (restraint) stress stimulates the general secretory activity of mouse npEW-Ucn1 neurons (increased presence of cFos) and increases the amounts of Ucn1, CART and nesfatin mRNAs compared to controls, by ×1.8, ×2.0, and ×2.6, respectively (Okere et al., [@B153]). Since Ucn1, CART and nesfatin-1 are established feeding regulatory factors, these data favor the idea that the npEW in rodents plays a role in the co-ordination of stress adaptation and feeding control (Okere et al., [@B153]; Xu et al., [@B271]).

The npEW and gender-specific adaptive responses
-----------------------------------------------

The above-mentioned increase in npEW Ucn1 mRNA and CART mRNA after fasting only takes place in male rats, whereas females do not show a reaction of the npEW (Xu et al., [@B270]). This suggests that the npEW acts in a gender-specific way, an idea strongly supported by the finding that Erβ, but not ERα receptors, co-exist with Ucn1 the mouse npEW (Derks et al., [@B48]). As estrogen decreases transcriptional activity of the Ucn1 promoter via Erβ (Haeger et al., [@B71]), npEW-Ucn1 neurons may play a role in the gender differences in stress sensitivity in rodents and possibly in humans as well. Although an increased susceptibility of females to depression has been well documented (Kornstein, [@B110]; Frackiewicz et al., [@B58]; Kudielka and Kirschbaum, [@B126]), the underlying mechanism is unclear. Possibly, gender-specific actions of npEW-Ucn1 neurons account for this difference. This idea is in line with the finding that, under basal, unstressed conditions, the amount of Ucn1 mRNA in the npEW does not differ between male and female mice whereas chronic variable mild stress (CVM) does increase Ucn1 mRNA in males but not in females (B. Gaszner, personal communication). The same phenomenon was found in humans, where Ucn1 mRNA appeared to be strongly upregulated in male suicide victims with major depression but no such upregulation was observed in female suicides (Kozicz et al., [@B120]). In the rat npEW, Ucn1 mRNA showed sex-dependent expression already under basal conditions, with Ucn1 mRNA expression higher in males than in females. In contrast to Ucn1, no changes were seen for BDNF mRNA, but BDNF protein was more abundant in males than in females (B. Gaszner, personal communication). In humans, however, BDNF mRNA did differ between the sexes, with control females having more BDNF mRNA (Kozicz et al., [@B120]).

Like BDNF mRNA, in the rat CART mRNA does not reveal a sex difference but CART peptide is more abundant in males. In humans, CART mRNA does also not differ between males and females, and is equally upregulated in male and female suicides (L. Xu, personal communication). The data obtained for basal Ucn1, BDNF, and CART dynamics, for Ucn1 in response to CVM, and for Ucn1 and BDNF during major depression, strongly indicate that the npEW plays a role in the development of major depression in a sex-dependent manner.

The presence of the endocannabinoid receptor, CB1, in the mouse npEW strongly implies modulation of the nucleus' activity by endocannabinoids signaling. Indeed, npEW-Ucn1 mRNA is lower in male CB1-knockout mice than in male wildtype mice. This supports the hypothesis of an inverse relationship between the CRF- and Ucn1-containing neuronal systems in chronic situations (Weninger et al., [@B267]; Skelton et al., [@B198]; Kozicz, [@B117]). However, this difference is not present in females, indicating that CB1-knockout mice and wildtypes differ sex-dependently in their npEW dynamics. Moreover, the two genotypes seem to respond differently to restraint stress compared to CVM stress, because Ucn1 in wildtypes only increase upon CVM stress, while in CB1−/− Ucn1 increases only upon restraint stress. In view of these data, the mouse endocannabinoid signaling system may modulate the npEW in a sex-dependent manner (Derks, [@B46]).

A model of adaptation and maladaptation
---------------------------------------

On the basis of the data mentioned above we have constructed a model of the possible interactions between the PVN and the npEW, and of the role the npEW plays in the stress response, related behaviors, and the development of major depression (Derks, [@B46]; Figure [3](#F3){ref-type="fig"}).

![**Model of interactions between the npEW and the HPA-axis and other centers involved in stress adaptation and energy metabolism**. Continuous lines indicate established interactions, dashed lines indicate presumed interactions; the dotted line refers to sex difference. 5HT, serotonin; ACTH, adrenocorticotrope hormone; BDNF, brain-derived neurotrophic factor; C2, corticotropin-releasing factor receptor 2; CART, cocaine- and amphetamine-regulated transcript peptide; CB, endocannabinoids; CB1, endocannabinoid receptor 1; CRF, corticotropin-releasing factor; DR, dorsal raphe nucleus; ERβ, estrogen receptor β; GABA, γ-aminobutyric acid; GC, glucocorticoids; GR, glucocorticoid receptor; IN, interneuron; LH, lateral hypothalamus; LS, lateral septum; NPY, neuropeptide Y; ObR, leptin receptor; PVN, paraventricular nucleus; Ucn1, urocortin 1; Y-1/5; neuropeptide Y receptors 1 and 5. (Slightly modified after Derks, [@B46].)](fendo-01-00004-g003){#F3}

In this model, which represents the male situation, in response to a stressor the limbic system does not only activate the HPA-axis but at the same time also the npEW, via NPY. The npEW-Ucn1 neurons contain glucocorticoid receptors and their Ucn1 dynamics are affected by glucocorticoid administration (T. Kozicz, personal communication). In addition to inputs from the limbic system and the HPA-axis, npEW-Ucn1 neurons most likely receive orexinergic input from the lateral hypothalamus (Baldo et al., [@B6]), serotonergic input from the dorsal raphe nucleus (T. Kozicz, personal communication) and GABA-ergic input from npEW interneurons that contain CB1 receptors (Derks, [@B46]). Finally, the npEW-Ucn1 neurons are under control of leptin (L. Xu, personal communication) released from white adipose tissue into the circulation.

In our model we distinguish chronic non-variable stressors and chronic variable stressors, which evoke different npEW responses. The npEW-Ucn1 contents habituate, i.e., return to normal, unstressed conditions, after chronic homeotypic stress (Korosi et al., [@B112]) but not after CMV stress (Derks, [@B46]). It is hypothesized that during chronic non-variable stress inputs from the various brain centers decrease the production of endocannabinoids in npEW-Ucn1 neurons and, consequently, reduce the inhibitory feedback of these neurons to GABA-ergic npEW-interneurons. Consequently, presynaptic inhibition is alleviated and the interneurons start to inhibit npEW-Ucn1 activity. We propose that, in contrast, during chronic variable stress the endocannabinoid inhibition of the GABA-ergic interneurons remains high. As a consequence, npEW-Ucn1 neurons remain active, resulting in strong Ucn1 output to the npEW target areas, viz. the dorsal raphe and the lateral septum. Changes in npEW-Ucn1 dynamics may have an effect on the activity of the HPA-axis by controlling these two centers. Ucn1 secretion may therefore increase neuronal activity in the dorsal raphe by binding CRFR2 receptors (Valentino and Commons, [@B221]) and in this way protect against major depression. A similar mechanism may hold for the lateral septum, where Ucn1 can modulate anxiety-like and depression-like behavior via CRFR2 (Van Pett et al., [@B230]).

Basically, this model does not only hold for males but also for females if an additional regulatory factor is implemented: estrogen. Upon binding estrogen, the ERβ receptor in the npEW-Ucn1 neurons may inhibit Ucn1 secretion in a similar way as it inhibits CRF release from the PVN (Hauger et al., [@B72]). This idea is supported by our observations of low npEW-Ucn1 secretory activity in unstressed female rats (Derks et al., [@B47]) as well as in stressed female mice (Derks, [@B46]). Lower npEW activity will diminish Ucn1 output to the dorsal raphe and the lateral septum, and in this way modulate activities in these brain areas. This sequence of events may be the cause of the increased risk of females to develop major depression.

In addition to Ucn1, the possible roles of BDNF and CART in the sex-dependent stress response have been implemented into the model. As the secretory dynamics of both BDNF and CART in the npEW are inhibited by estrogen, we propose that upon activation of the npEW, BDNF is released to stimulate the activity of npEW-neurons in an autoexcitatory, paracrine way. Whereas autoexcitatory actions of neuropeptides have been well-established in other neural systems such as in the CDC of *Lymnaea* and, more specifically, for BDNF in the melanotropes of *Xenopus* *laevis* (Kramer et al., [@B122]), an autocrine action of BDNF on npEW neurons is hypothetical. CART is present in the same secretory vesicles as Ucn1 (Van Wijk et al., [@B239]) and will therefore be released simultaneously with Ucn1, possibly acting on the same targets. Most likely, CART actions on the HPA-axis, dorsal raphe, and lateral septum may be physiologically different from those of Ucn1, but this has to be established further. In this respect, the notion that CART is not only involved in the stress response but also plays a role in food intake and drug reward (Smith et al., [@B200]; Couceyro et al., [@B39]; Koylu et al., [@B114]) may be of relevance. Similarly, the eating peptide nesfatin-1 may contribute to a role of the npEW in coordinating stress adaptation and feeding behaviors (Okere et al., [@B153]; Xu et al., [@B271]).

Final Considerations
====================

In this review we have considered data obtained from studying three animal models on the functioning of the neural cell in adaptive behaviors. The neurosecretory CDC show how one cell (type) can co-ordinate a complex adaptive behavior, egg-laying on the most suitable place and time. The neuroendocrine melanotrope cell is an example of a neural cell that receives and integrates various environmental stimuli and translates them into a meaningful adaptive response, the adjustment of skin pigmentation for optimal camouflage. The npEW, finally, demonstrates how the integrative and regulatory capacities like those revealed by the CDC and the melanotropes, permit a complex midbrain center to integrate multiple external and internal stimuli to co-ordinate different complex but related behaviors (stress adaptation, feeding activity) and how dysregulation of this co-ordination may cause brain disorders like major depression and alcoholism. While awaiting new technological developments to study the living human brain at the neuron and subneuronal level, continuing progress may be expected from neuroscientific research on invertebrate and vertebrate animal model systems.

Conflict of Interest Statement
==============================

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The authors wish to thank Sjoerd Wendelaar Bonga for critical reading of the text. This review is dedicated to the memory of Joos Joosse (1930--2010), a most inspirational biologist and endocrinologist. It was supported by grant \#864.05.008 from the Netherlands Organization for Scientific Research, NWO, to Tamás Kozicz.

[^1]: Edited by: Billy K. Chow, University of Hong Kong, China

[^2]: Reviewed by: Maria M. Malagon, University of Cordoba, Spain; J. C. Cardoso, University of Algarve, Portugal
